. The animals, which were raised in controlled feeding, light, and temperature conditions (see the materials and methods section in the supplementary materials), were observed continuously by means of video and physiological monitoring over epochs of 18 to 20 hours in a familiar experimental arena. Light-dark cycles were identical and synchronized to those in their home terrarium. About 1 to 2 hours before normal nighttime (daylight off), the lizards spontaneously became drowsy, settled in one location, and started closing their eyes intermittently (Fig. 1B) . During this pre-sleep phase, axial and limb postural tone decreased until the animals assumed a fully relaxed, horizontal sleeping posture with their heads resting on the floor. Their cardiac rhythms decreased over 1 to 2 hours from 40 to 60 beats per minute (bpm) in the awake state to 20 to 30 bpm, by which time their eyes were closed. A low heart rate was maintained throughout the night, except for occasional peaks correlated with brief body repositioning. Toward the end of the night, the lizards' postural tone increased, and they slowly lifted their heads; they opened their eyes, intermittently at first, then reliably at or shortly after the onset of light (Fig. 1B) 
M
any cell surface receptors and downstream signaling molecules coalesce into micrometer-or submicrometer-sized clusters upon initiation of signaling (1, 2) . However, the effect of this clustering on signal transduction is poorly understood. T cell receptor (TCR) signaling is a well-studied example of this general phenomenon (3) . TCR signaling proceeds through a series of biochemical reactions that can be viewed as connected modules. In the upstream module, the TCR is phosphorylated by Lck, a membrane-bound protein kinase of the Src family. TCR phosphorylation is opposed by a transmembrane phosphatase, CD45 (3). The phosphorylated cytoplasmic domains of the TCR complex recruit and activate the cytosolic tyrosine kinase ZAP70 (4 (5, 6) .
LAT and its binding partners coalesce into micrometer-or submicrometer-sized clusters at the plasma membrane upon TCR activation (7) (8) (9) (10) . Elimination of these microclusters by deletion of key components (for example, LAT or Grb2) impairs downstream signaling and transcriptional responses (5, 11) . However, effects due to loss of clusters have not been distinguished from those due to loss of component molecules. Nor do we understand the changes in biochemistry and consequent signaling that emerge specifically when signaling molecules are organized from an unclustered to a clustered state (12) .
To explore the mechanism of formation and functional consequences of T cell microclusters, we reconstituted a TCR signaling pathway from purified components. To substitute for the plasma membrane, we used supported bilayers composed of a defined, simple lipid composition. We initially reconstituted the intermediate module of the TCR signaling cascade, composed of phosphorylated LAT (pLAT), Grb2, and Sos1. Multivalent interactions between these proteins (Fig. 1A ) are thought to drive the formation of signaling microclusters on the T cell membrane (8, 13) , although direct experimental evidence for the sufficiency of this mechanism has been lacking. We prepared fluorescently labeled pLAT, containing the four C-terminal phosphotyrosine residues that are sufficient for TCR signaling (14) ; this pLAT also contains an N-terminal His 8 tag that allowed its attachment to Ni 2+ -containing supported lipid bilayers (15) . pLAT was uniformly distributed (Fig. 1B) and freely diffused on the lipid bilayer (movie S1). Upon addition of Grb2 and Sos1, submicrometer-sized clusters formed within 1 min and gradually grew in size. Cluster formation required tyrosine phosphorylation of LAT ( fig. S1D ). with Sos1 (0.5 mM) alone or additionally with wild-type Grb2 (0.5 mM) or Grb2DSH3 (1 mM) (concentrations were set to maintain identical total SH3 concentrations in the experiments containing Grb2 and Grb2DSH3). Scale bar, 2 mm. ) was incubated with 1 mM Grb2 (unclustered pLAT) or 1 mM Grb2 plus 1 mM Sos1 (clustered pLAT). His 10 -CD45 was then added, and the reactions were stopped after 5 min by adding SDS-polyacrylamide gel electrophoresis loading buffer containing 2 mM vanadate. Quantification of pLAT phosphorylation normalized to the total LAT signal is shown in the right plot.
Furthermore, dephosphorylation of pLAT by high concentrations of the soluble protein tyrosine phosphatase 1B (PTP1B, 2 mM) caused the clusters to disassemble (Fig. 1B and movie S2) . pLAT, Grb2, and Sos1 all colocalized within clusters, and clusters did not form if either Grb2 or Sos1 was omitted ( fig. S1, E and F) . pLAT also clustered with Gads and SLP-76, two other components of LAT clusters (6, 7), but less efficiently than with Grb2 and Sos1 ( fig. S2, A and B) . Clustering efficiency, however, increased dramatically with the addition of Nck ( fig. S2C) , an adaptor protein known to link SLP-76 to actin regulators (16) .
pLAT, Grb2, and Sos1 clusters exhibited dynamic liquid-like properties. The rounded edges of clusters fluctuated (extending and retracting) on a time scale of seconds, and clusters sometimes fused with one another (movie S2). pLAT molecules exchanged into and out of clusters, as revealed by fluorescence recovery after photobleaching (FRAP) (Fig. 1C) . Single pLAT molecules diffused rapidly outside of clusters but slowly within them ( fig. S3, A to C) . We also observed capture and release of single molecules by clusters (movie S3). These results show that pLAT microclusters are liquid-like, phase-separated structures (17, 18) on membranes.
Both SH3 domains of Grb2 were required for cluster formation, indicating a role of protein cross-bridging by this adaptor protein (Fig. 1D  and fig. S4A ). Clustering initially increased with increasing pLAT density but then decreased at higher pLAT densities on the membrane ( fig.  S4B ), consistent with a theoretical multivalent interaction model (19) . The valency of phosphotyrosines on LAT also affected clustering efficiency. Three of the four distal phosphotyrosines in LAT are recognized by the SH2 domain of Grb2 (20) . Clustering in vitro progressively decreased by mutating one, two, or all three tyrosines and was enhanced by doubling the number of tyrosines (Fig. 1E and fig. S5 ). Together, our data indicate that LAT cluster formation is driven by dynamically rearranging, multivalent proteinprotein interactions.
We compared the properties of LAT clusters in cells with those of reconstituted clusters in vitro and tested their functional importance. As in vitro, LAT microclusters in T cells sometimes fused with one another (fig. S3D) . FRAP revealed that molecules exchange into and out of clusters in cells faster than in vitro (halftime of the recovery of 12 s versus 76 s), possibly due to different cluster size (see the supplementary text) or membrane fluidity. To assess valency dependence in cells, we expressed LAT tyrosine mutants with zero, one, two, three, or six Grb2 binding sites in a LAT-deficient Jurkat T cell line. A minimum of two Grb2 binding sites was required for robust cluster formation, and the degree of clustering increased with increasing number of phosphotyrosine sites (Fig. 2B) . The degree of clustering correlated with activation of MAPK(ERK) (extracellular signal-regulated kinase) (Fig. 2C) , suggesting that clustering of LAT and its partners is important for TCR signaling.
We used our in vitro assay to gain insight into the biochemical reactions that underlie the TCR signaling pathway. To LAT and its binding partners, we introduced the upstream signaling module consisting of (i) the cytoplasmic domain of the TCR subunit CD3z [which is sufficient to induce signaling in T cells (21)]; (ii) Lck, which phosphorylates the TCR; (iii) the cytoplasmic domain of the tyrosine phosphatase CD45, which opposes this reaction (22) ; and (iv) the protein kinase ZAP70, which is recruited to the phosphorylated TCR and phosphorylates LAT (4, 5) (Fig. 3A) . Initially, unphosphorylated LAT was evenly distributed on the membrane. After adenosine triphosphate (ATP) was added to initiate Lck phosphorylation of CD3z, ZAP70 was recruited to the membrane and LAT clustered (Fig. 3B and fig. S6A ). ZAP70 was enriched in the clusters, as observed in T cells (7), whereas CD45 was excluded (Fig. 3B) . The exclusion of CD45 was recapitulated in a simpler system in which clusters were formed by pLAT, Grb2, and Sos1 (Fig. 3C) . The cytoplasmic domain of CD45 has a negative charge (isoelectric point 6.4). Assays with a series of differentially charged proteins revealed that, in general, positive charge favors inclusion into and negative charge favors exclusion from LAT clusters ( fig. S7 and supplementary text). Consistent with limited access of CD45 to pLAT in the cluster center, CD45-mediated dephosphorylation of pLAT was reduced compared with that in unclustered conditions (Fig. 3D) . In summary, our data demonstrate that LAT clusters are depleted in the phosphatase CD45 but enriched in the kinase ZAP70, which would be expected to promote LAT phosphorylation and increase the strength of TCR signaling.
We sought to integrate a downstream module that controls an important signaling output, actin polymerization (23, 24) . We attached His-tagged Lck, CD3z, and unphosphorylated LAT-Alexa647 to the supported lipid bilayer and added soluble ZAP70-505-Star, Gads, SLP-76, Nck, N-WASP (neuronal Wiskott-Aldrich syndrome protein), Arp2/3 (actin-related protein 2 and 3) complex, and rhodamine-labeled monomeric actin to the solution (Fig. 4A) . Previous data have shown that Nck recruits N-WASP, which in turn activates the Arp2/3 complex to nucleate actin filaments (16, 25) . When ATP was added to initiate TCR phosphorylation, ZAP70 was recruited to the membrane, followed by LAT clustering and then actin polymerization from the LAT clusters (Fig. 4, B and  C, and fig. S8 ). Later, when actin bundles formed, LAT clusters became rodlike and aligned with actin bundles (Fig. 4D and movies S4 and S5) . This shape change is reversible, because clusters became round after depolymerization of F-actin by latrunculin A (fig. S9C ). In summary, we show that actin polymerization is initiated from and can reorganize LAT clusters.
We next investigated whether clustering of Nck affects the efficiency of actin polymerization. In principle, actin polymerization could be stimulated by (i) recruitment of Nck from solution to the membrane, (ii) concentration and organization of Nck within clusters, or (iii) both effects. To isolate spatial distribution as a variable, we attached His 10 -Nck to Ni-modified lipids in the planar bilayer and added soluble N-WASP, Arp2/3 complex, and actin. Increasing the density of Nck on the membrane resulted in a dose-dependent increase in assembly of actin ( fig. S10 ). Using a density of Nck (150 molecules/mm 2 ) at which little actin polymerized, we tested whether clustering of Nck by pLAT, Gads, and pSLP-76 affected actin assembly. Clustering of Nck enhanced total actin assembly on the membrane by a factor of 6 (Fig.  4E) . These results reveal that the clustering of actin regulators by LAT promotes actin polymerization beyond what can be achieved by recruitment to the membrane.
In summary, we reconstituted biochemical reactions of TCR signaling in an in vitro system, in which the components and their concentrations in the reaction can be controlled, rates can be measured, and molecular behaviors can be observed in ways that are difficult to achieve using intact cells. We observed multivalent assembly and consequent phase separation of LAT and its binding partners into liquid-like, micrometersized clusters. By manipulating clustering using LAT phosphorylation mutants, we show that clustering occurs through analogous mechanisms in vitro and in cells and that clustering promotes MAPK(ERK) signaling. Thus, as in threedimensional phase separation (17, 26) , our results demonstrate that phase separation on membranes can create an environment that promotes biochemical reactions. LAT clusters excluded CD45 and retained ZAP70 to create an environment that perpetuated the phosphorylated state of LAT. Clustering of LAT promoted downstream biochemical reactions in the signaling pathway, specifically the ability of Nck to promote N-WASP-Arp2/3-mediated actin polymerization ( fig. S11) , as suggested by Nck density-dependent actin polymerization in cells (27) . Multivalent interactions have been proposed to drive the assembly of many other cellular structures, including PML (promyelocytic leukemia) bodies, stress granules, and focal adhesions (17, 26) ; thus, the mechanisms of spatial organization of biochemical reactions revealed here may apply to other cellular processes as well.
